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Abstract—Oil-immersed transformers, whose lifespan is 
defined by cellulose insulation’s lifetime, utilize frequently 
mineral oil. However, this insulating fluid is being replaced by 
alternative liquids such as natural and synthetic esters. This 
replacement requires to guarantee a similar behavior of solid 
insulating materials immersed in them. Although there are 
different authors who have concluded that Kraft paper reduces 
its deterioration rate when it is immersed in biodegradable 
fluids, there are few works that have analyzed the effect of 
insulation liquids on the mechanical properties of other 
cellulosic materials such as diamond dotted paper (DDP) during 
laboratory tests. This paper shows a comparative analysis of 
four paper/oil specimens (a standard Kraft paper and a 
diamond dotted paper aged in both mineral oil and natural 
ester) under controlled laboratory accelerated thermal ageing. 
This work focuses on changes in mechanical properties such as 
the energy consumed per unit volume of the failure zone (ER), 
rupture strength (σR) and strain under ultimate strength (εcm). 
Keywords— Electric power transformers, Kraft paper, DDP 
paper, dielectric oil, tensile test, thermal aging 
I. INTRODUCTION 
Transformers are devices of enormous importance in 
current distribution systems [1]. The insulation in these 
machines is usually a combination of liquid and solid 
dielectric materials [2]. The lifetime of transformers depends 
on paper deterioration because dielectric oil’s life can be 
prolonged through filtering and reconditioning or even the oil 
can be replaced easily. The insulating fluid widely used in oil-
immersed transformers is mineral oil. However, this fluid has 
started to be substituted especially in distribution 
transformers for alternative liquids such as natural and 
synthetic esters [3] mainly due to their higher 
biodegradability and fire safety properties [4-8].  
Many authors have analyzed ageing behavior of different 
insulation papers immersed in natural and synthetic esters [9-
24]. These studies and others have found that thermal ageing 
rates of insulation solids immersed in natural esters are 
reduced compared to those in mineral oil [9]. The insulation 
solids usually studied include papers such as Kraft paper [10-
16], thermally upgraded papers [9, 17-19], aramid paper [1, 
20-21], pressboard [20, 22]. The paper degradation in thermal 
aging studies has been evaluated through the degree of 
polymerization [10-12, 18-19], the tensile strength [13-16, 
19-23], differential scanning calorimetry [24], Fourier 
transform infrared spectroscopy (FTIR) or energy dispersive 
X-ray [12] being the DP and the tensile strength the most 
commonly used methods to evaluate the insulating paper 
condition. Even though, the degradation suffered by different 
insulation papers immersed in biodegradable oils during 
thermal ageing tests has been studied, there are few works 
that have analyzed the effect of insulation liquids on the 
deterioration of other cellulosic materials such as Diamond 
Dotted paper (DDP). The advantage of this insulation paper 
lies in the internal strengthening of the coil from adhesion to 
the conductor; providing passage for quick evacuation of air 
and moisture during the drying process. It also minimizes the 
risk of partial discharge. The bonding strength of the epoxy 
resin is sufficient to prevent displacement of winding layers 
due to short circuit forces [25]. 
Accurate diagnosis of transformer ageing is critical to ensure 
safe operation of transformers [26]. The application of natural 
esters, makes needed the diagnostic of the aging state of 
insulation paper mainly because its degradation determine the 
operational lifetime of a transformer [27]. Based on that, this 
paper presents experimental results of the study of 
mechanical properties changes in DDP paper compared with 
Kraft paper when they are immersed and aged in two 
commercial insulation liquids (a mineral oil and a natural 
ester). This work focuses on three mechanical properties: the 
energy consumed per unit volume of the failure zone (ER), 
rupture strength (σR) and strain under ultimate strength (εcm).  
II. MATERIAL 
This work has analyzed the behavior of Kraft and 
Diamond Dotted papers (Table I), when they are thermally 
aged in two different commercial oils (Table II). 
 
 
TABLE I  PAPERS’ PROPERTIES 
 
Property Units Kraft paper 
Diamond Dotted 
paper (DDP) 
Apparent density  g/m2 0.754 1 
Dry breakdown strength 
in air (kV/mm) 8.9 10 
Ash content % < 0.6 0.3 
Tensile index (Nm g) 108.4 160 
 
TABLE II  PROPERTIES OF ANALYZED OILS 
 
Property Units Mineral oil (MO) 
Vegetable 
oil (VO) 
Viscosity, 40ºC (mm2/s) 7.6 39.2 
Density, 20ºC kg/dm3 0.877 0.91 
Pour point  ºC -63 -25 
Flash point ºC 154 330 
Water content  mg/kg <20 150 
Breakdown voltage  kV 40-60 65 
Acidity  mg KOH/g <0.01 0.05 
Dielectric dissipation factor 
(90ºC)  <0.001 0.03 
 
The mineral oil is a naphthenic oil and the vegetable oil is 
a rapeseed-based fluid. 
III. EXPERIMENTAL METHODOLOGY 
This section describes the steps followed during 
accelerated thermal ageing of Kraft and DDP papers 
immersed in two different dielectric oils. Firstly, the size of 
paper specimens is defined. Secondly, the procedure to carry 
out a previous drying of paper samples is explained. Thirdly, 
the thermal ageing conditions are gathered. Finally, the test 
used to characterize paper degradation is described. 
A. Paper samples 
Kraft and DDP papers were cut into strips of 250 mm in 
length and 15 mm wide. These strips were cut with two 
different fiber direction angles (longitudinal and transverse) 
because of paper anisotropy. 
B. Paper drying 
Previously its thermal ageing, Kraft and DDP specimens 
were dried to reduce the effect of moisture on the degradation. 
Drying was carried out placing paper strips into a stainless 
steel vessel, which was closed. Subsequently, it was 
connected to a vacuum pump until reaching approximately 1 
mbar. It was sited then in an oven at 100°C for 24 hours, 
providing samples with a moisture content around 2%.  
C. Thermal ageing 
A vessel for each temperature and each oil was prepared 
by inserting 750 ml of new oil (mineral and vegetable oil) with 
a nitrogen headspace of 25% by volume, and 22 g of paper 
giving a paper/oil weight-volume ratio of 1:34. The thermal 
ageing was then carried out in two ovens at 130ºC and 150°C. 
After each aging time (Table III) was reached, the vessels 
were cooled at room temperature (25oC) and then the paper 
samples were extracted for analysis. In this work, for each 
fiber direction, 7 groups of strips for both papers were 
prepared, one group of new paper and the rest of thermal aged 
samples. Five paper strips per group, which were tested in the 
tensile test, were prepared. 
TABLE III  TIME OF THERMAL AGEING 
Samples 
Ageing time 
Temperature 
150ºC 130ºC 
Kraft DDP Kraft DDP 
MO VO MO/VO MO/VO MO/VO 
0 0 0 0 0 0 
1 8 24 81 72 62,5 
2 19 48 404.5 168 133,5 
3 43 96 1040 261 225 
4 91 147 1920 425 453,5 
5 142 217 3676.5 736 686 
6 212 494 6784 1083 9787 
 
D. Characterisation of paper ageing 
The data obtained from tensile test (load and 
displacement) are used to determine stress and strain using the 
original specimen cross-sectional area. These two parameters 
allow to obtain stress-strain curve which can be utilized to 
obtain additional information such as the energy consumed 
per unit volume of the failure zone (ER, Pa), rupture strength 
(σR, Pa), strain under ultimate strength (εcm) and tensile index 
(TI, kN m-1 kg-1). 
In this work, a universal servo hydraulic test machine 
(Model ME-405-1, SERVOSIS) was used with an axial load 
cell of ± 1 kN capacity, an actuator of ± 50 mm of dynamic 
stroke and equipped with pneumatic flat grips. The length of 
the paper strips for the measurement of the strain was set at 
180 mm and the rate of separation of the grips was set at 20 
mm / min until the specimen rupture, according to ISO 1924-
2 2009. Alghough, the parameters obtained in the test can be 
Young’s Modulus (E), yield stress (σy), rupture strength (σR), 
strain under ultimate strength (εcm), and energy consumed per 
unit volume of the failure zone (ER). However, in this work 
only σR, εcm and ER were evaluated because in a previous work 
[28] the experimental results showed that Young’s Modulus 
and yield stress can hardly provide any information on the 
degree of degradation. In the case of Young’s Modulus, their 
values were practically the same during the thermal ageing 
period. It was only in those states of severe degradation did 
they show a slight decrease. As for the yield stress, in more 
than half of the analyzed samples its value was the same as 
that of the rupture strength, due to the fragility of the most 
deteriorated samples. Therefore, the parameters of rupture 
strength, strain under ultimate strength and energy consumed 
per unit volume of the failure zone are which really expose 
paper degradation. 
IV. RESULTS AND ANALYSIS 
When the mechanical properties of the new papers are 
measured, a strong anisotropy has been verified. It can be 
observed that the rupture strength, when the paper fibres are 
in the same direction as that with which the test machine 
applies the load, is two times the strength obtained when the 
fibres are in cross direction to the test machine, while the strain 
is half. 
 
 
Fig. 1. Rupture strength (σR) variation of Kraft and DDP papers aged at 
150ºC. 
 
Fig. 2. Rupture strength (σR) variation of Kraft and DDP papers aged at 
130ºC. 
 
Fig. 3. Strain under ultimate strength (εcm) variation of Kraft and DDP 
papers aged at 150ºC. 
Figs. 1 and 2 show the rupture strength (σR) reduction 
suffered by both dielectric papers (Kraft and DDP) aged in the 
mineral oil and the vegetable oil, at two different 
temperatures. It can be observed that in both papers the 
deterioration is higher in mineral oil at 150ºC. However, when 
results obtained for DDP are compared at 130ºC, there is no 
difference between paper samples aged in mineral or 
vegetable oil. 
 
 
Fig. 4. Strain under ultimate strength (εcm) variation of Kraft and DDP 
papers aged at 130ºC.  
 
 
Fig. 5. Energy consumed per unit volume of the failure zone (ER) variation 
of Kraft and DDP papers aged at 150ºC.  
 
 
Fig. 6. Energy consumed per unit volume of the failure zone (ER) variation 
of Kraft and DDP papers aged at 130ºC. 
 
 
Similar results have been found for the rest of analyzed 
properties (Figs. 3-6). The mechanical strength showed for 
DDP is considerable greater than the Kraft paper’s one for 
both fiber directions. This can be observed through the 
decreases suffered by the σR during thermal ageing for Kraft 
and DDP papers. When the ageing temperature is lower 
(130°C) the σR of Kraft suffers a reduction more than twice 
the one experienced by DDP in percentage of variation. If 
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these data are compared when the temperature is 150ºC, the 
difference is even greater. This fact reflects the strong effect 
that temperature also has on the least resistant paper. 
V. CONCLUSIOS 
In this paper the stability of two different papers (Kraft and 
DDP) present in different dielectric systems (oil-paper) has 
been analyzed through three parameters obtained from the 
tensile test, when these systems are subjected to accelerated 
thermal ageing in an inert atmosphere of nitrogen, in 
laboratory tests.  
The obtained results have shown that paper anisotropy plays a 
critical role. In both papers there is a significant difference in 
the values of the mechanical properties such as ER, σR or εcm, 
depending on the way in which tensile test is carried out. 
When fibers of cellulose materials are aligned along the paper 
machine direction (longitudinal) the paper’s tensile strength is 
higher than when fibers are in the cross direction (transverse). 
Therefore, it is critical to determine the evolution of 
mechanical properties in both directions as this might affect 
paper placement inside power transformer windings to 
increase its mechanical resistance. Additionally, it has been 
found that the behavior shown by Kraft and DDP papers is 
quite different. The natural ester seems to protect Kraft paper 
when this is aged at 150ºC and 130ºC, however, when the 
DDP degradation in both liquids is compared, there is a slight 
difference only when temperature is high. Consequently, it 
seems that beneficial effect of natural ester on paper ageing is 
reduced when highly resistant insulation papers are 
considered. 
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